Dengue is an emerging disease in Nepal and was first observed as an outbreak in nine lowland districts in 2006. In 2010, however, a large epidemic of dengue occurred with 4,529 suspected and 917 serologicallyconfirmed cases and five deaths reported in government hospitals in Nepal. The collection of demographic information was performed along with an entomological survey and clinical evaluation of the patients. A total of 280 serum samples were collected from suspected dengue patients. These samples were subjected to routine laboratory investigations and IgM-capture ELISA for dengue serological identification, and 160 acute serum samples were used for virus isolation, RT-PCR, sequencing and phylogenetic analysis. The results showed that affected patients were predominately adults, and that 10% of the cases were classified as dengue haemorrhagic fever/ dengue shock syndrome. The genetic characterization of dengue viruses isolated from patients in four major outbreak areas of Nepal suggests that the DENV-1 strain was responsible for the 2010 epidemic. Entomological studies identified Aedes aegypti in all epidemic areas. All viruses belonged to a monophyletic single clade which is phylogenetically close to Indian viruses. The dengue epidemic started in the lowlands and expanded to the highland areas. To our knowledge, this is the first dengue isolation and genetic characterization reported from Nepal.
INTRODUCTION
Dengue fever (DF) is considered to be the most important of the arthorpod-borne viral disease in humans, and more than half of the world's population in over 100 countries is at risk of infection [1] . Dengue hemorrhagic fever (DHF), the severe form of the disease, is endemic and frequently intensifies into epidemics in the countries of Southeast Asia (Laos, Cambodia, Vietnam, Singapore, Indonesia and Thailand), resulting in more cases and deaths [1, 2] . Dengue is also endemic in India and Pakistan and has recently emerged in Bangladesh (2000) and in Bhutan (2004) [3, 4] .
In the Himalayan country of Nepal, the first case of dengue was reported in 2004 [5] . In 2006, an outbreak of dengue occurred there with 32 laboratory-confirmed cases. All four dengue virus (DENV) serotypes DENV-1, DENV-2, DENV-3 and DENV-4 were identified in nine districts of the lowland Terai region, but unfortunately without information on sequence analysis [6, 7] . From 2007, a few sporadic clinical cases were reported. Entomological studies carried out in 2009 identified larvae of Aedes aegypti (Ae. aegypti) in the Kathmandu and Lalitpur districts in Nepal [8] . Ae. aegypti is the primary vector of dengue, and it is likely that this vector is being introduced in this zone seasonally. In 2010, Nepal suffered its largest dengue epidemic. There had been no dengue virus isolation from a native Nepalese patient in the past. The main objective of the present study is to isolate the virus from Nepalese patients and to determine the origin of these viruses. 
METHODS

Patients
In 2010, a total of 280 suspected dengue patients from various district hospitals in Nepal were referred to the Sukraraj Tropical and Infectious Disease Hospital (STIDH) in Kathmandu, the capital city of Nepal. Clinical information was collected from patients who were admitted to the STIDH and their specific dengue disease, if present, was clinically identified as dengue fever (DF) or dengue haemorrhagic fever (DHF) based on the WHO classification (WHO, 1997). Initially, a patient was suspected to have DF when he or she had an acute onset of high fever lasting for 2-7 days and exhibited at least two of the following features: rashes, headache, arthralgia and leucopenia. A patient was suspected to have DHF when haemorrhagic manifestations such as ecchymosis, mucosal bleeding and plasma leakage were observed in addition to the features of DF. The suspected DF and DHF patients underwent further examinations for confirmation of the illness. A case was labeled as "probable" if the patient was found positive for the presence of IgM antibodies against dengue, and a case was labeled as "confirmed" when found positive by RT-PCR or virus isolation. Patients also underwent chest radiography and abdominal ultrasound tests in addition to hemoglobin count, hematocrit, and total blood and platelet monitoring as part of the clinical assessment.
Blood samples
Blood specimens were collected from patients, kept at 4°C for less than 24 hours and stored at -70°C in Kathmandu. These samples were transported in dry ice from Nepal to the Institute of Tropical Medicine in Nagasaki, Japan for further processing. If a serum sample had been taken from a patient less than 7 days from the onset of fever, it was subjected to virus isolation. If the sample came from a patient who had fever of more than 7 days, it was tested for the presence of anti-dengue IgM antibodies by in-house IgM-capture ELISA. To rule out the presence of IgM antibodies against JE, the sample was also tested using the JE-DEN IgM combination ELISA kit (Panbio, Australia).
IgM-Capture ELISA
Serum samples obtained after the centrifugation of blood specimens were subjected to in-house IgM-capture ELISA for the detection of IgM antibodies against dengue following the procedures described previously [9, 10] . These samples were also examined to rule out the presence of IgM antibodies against Japanese encephalitis virus (JEV) using the Panbio JE-DEN combination ELISA kit (Panbio, Australia). Panbio units were computed for each sample according to the protocol of the manufacturer. If the value was greater than 11 JE or 11 DEN Panbio units, the sample was considered positive for IgM antibodies against JE or dengue, respectively and if less than 9 for either JE or dengue, the sample was considered negative for these antibodies.
Virus isolation
A volume of 10 μl from each acute serum sample was inoculated in a culture tube containing 70% confluent C6/ 36 cells. The cells were maintained in MEM with 2% FCS, incubated at 28°C for 7 days and observed daily for cytopathic effects. Infected culture fluid from each tube was collected and clarified by centrifugation, and the supernatant was stored at -80°C until use in the detection of dengue virus RNA by RT-PCR.
RNA extraction and RT-PCR
QIAamp viral RNA mini kit (QIAGEN, Hilden, Germany) was used to extract the genomic viral RNA from 140 μl of infected culture supernatants following the manufacturers' protocol. RNA was eluted from the QIAspin columns in a final volume of 100 μl of elution buffer and stored at -70°C until use. Reverse transcription was performed using Superscript III reverse transcriptase (Invitrogen) and random hexamers or gene specific primer, DenV1NR. PCR was conducted in a reaction mixture containing TaKaRa LA Taq DNA polymerase (Takara Bio Inc., Otsu, Japan) and appropriate primers. The following primers were used: DENV consensus primers to detect the presence of dengue virus [11] , serotype-specific primers [11] to identify the specific serotype if sample was found positive for dengue virus, and primers (Table 1 ) to amplify the part that contained the E protein-coding region and the NS5-3'-UTR (10125-10428, 304 bp). PCR was then carried out and the amplicons were analyzed by gel electrophoresis on a 2.0% agarose gel (Dotite) containing ethidium bromide (0.5 μg/ml). Millipore Ultrafree ® -DA (MA, USA) was used to purify the amplicons to be used as a template for sequence analysis.
DNA sequencing and phylogenetic analysis
For phylogenetic analysis, the purified amplicons containing the E protein-coding and NS5-3'-UTR-spanning regions of the virus genome were sequenced using certain primers (Table 1 ) and the Big Dye Terminator Cycle Sequencing System. The products were analyzed using a 3100-Avant Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). MAFFT program version 6.864 [12] was used to align sequence data. PHYLIP package, version 3.69 [13] was used to construct the neighbor-joining phylogenetic tree [14] based on 2283 E region sequences. For NS5-3'-UTR region, Bayesian MCC tree was constructed using BEAST software version 1.6.2 [15] . Models were selected with the use of MrModeltest version 2.3 [16] and PAUP* version 4.0 beta 10 [17] . The trees were drawn using FigTree software, version 1.3.1 [18] .
Vector collection
House-to-house surveys were conducted on a total of 256 houses in the pre-monsoon season, 825 in the monsoon season, and 545 for screening of larval breeding places, covering residential areas, hotels, market, industrial areas of Kathmandu and Lalitpur district from April 2009 to March 2010. For each house, the number and category of potential larval habitats with and without water were noted. Surveys were conducted by searching all accessible artificial containers containing water in and around the houses for the presence of Aedes aegypti and Ae. albopictus larvae and/or pupae. Altogether nine different types of habitat were investigated: discarded tires, plastic drums, metal drums, metal containers, plastic buckets, flower pots, mud pots, cement tanks, and plastic pots. The larvae and pupae of mosquitoes were collected by the dipper method. Aspiration collections of adults were attempted in all outdoor dwellings with the help of flash-lights in order to record species during the morning hours (0700-0900 hrs) in those breeding habitats. A different collection bottle was used for each category of container in each locality, and the larvae were brought to the laboratory and reared [19] until the emergence of adults and identified on the basis of morphological characteristics using published taxonomic keys [20] . Altogether, 1,876 wet containers in 892 households were found in Kathmandu district, and 1,807 wet containers in 734 households were found in Lalitpur, Dhading and Tanahu districts as breeding habitats for Ae. albopictus larvae.
Statistical Analysis
Statistical analysis was conducted using the software SSPS 13.0 version.
Ethical Statement
The study did not require approval from an institutional review board because the blood samples came from patients undergoing medical treatment at Sukraraj Tropical and Infectious Diseases Hospital under the auspicious of the Ministry of Health and Population, Nepal. Through this hospital, the government not only helps in providing medical care for patients, but also gathers data from patients as part of health surveillance duties.
For the entomological study, permission from the owners/residents was obtained before mosquito specimens were collected from their premises or residences.
RESULTS
Geographical distribution and seasonality
Dengue is an emerging disease in Nepal. A small outbreak was reported in this country in 2006, and sporadic cases were reported from 2007 to 2009. From August to December 2010, an unusual increase in the number of febrile patients was observed. The 2010 outbreak started at (Fig. 1) [21] . It expanded immediately to Bharatpur city, Chitawan district. The number of cases increased rapidly during the first week of September, and in October the outbreak spread even further to neighboring districts of Nawalparashi and Butwal, and to the headquarters of Rupendehi district. Finally, by the end of October the disease appeared in the highland districts of Dhading and Kathmandu (altitude of 1090 and 1350 meters, respectively), previously known as "denguefree" zones ( Fig. 1) . The outbreak peaked in November (after the rainy season had finished) and subsided during the dry winter season around the second week of December. ray, 4% of the patients with DHF showed pleural effusion that was mostly unilateral.
Clinical features
Incidence
The Epidemiology Disease Control Division reported 4,529 suspected cases, 917 serologically-confirmed cases and five official deaths by the end of December. However, these figures were only from government hospitals across Nepal (Fig. 2) . It is noted that the affected patients were predominately adults, the child adult ratio being 0.2:1. Most of the patients were diagnosed clinically as DF. But 10% of the patients in the present study admitted at STIDH were diagnosed clinically as DHF and were treated with blood and platelet transfusions.
Serological confirmation
A total of 120 serum samples collected after 7 days of fever were investigated using IgM-capture ELISA for dengue, and 35% were found to be positive for dengue. These samples were also investigated for JE, and all were found to be negative for anti-JE IgM.
Virus isolation and serotyping
Only 160 acute serum samples were available for virus isolation in C6/36 cells. Twenty one (13%) of these samples were found to be positive for dengue after the culture fluids of the cells inoculated with these samples were subjected to RT-PCR in the presence of dengue consensus primers. Our genetic characterization of dengue viruses (all DENV-1, Table 2 ) isolated from patients in four major outbreak areas of Nepal suggests that the DENV-1 strains responsible for the 2010 epidemic originated from India. We read sequences of eleven strains. Fig. 3 and Fig. 4 show the phylogenetic tree drawn from Nepalese strains representing major epidemic districts.
Nucleotide sequence and phylogenetic analysis DNA sequencing of the E-coding region and the NS5-3'UTR was done on 11 DENV-1 isolates representing the major epidemic districts in Nepal ( Table 2 ). The nucleotide sequences of the E region and the NS5-3'UTR were compared with other sequences published in GenBank. Phylogenetic trees generated for the E region and the NS5-3'UTR are shown in Figure 4 , respectively. The phylogenetic tree on E region shows that all the eleven Nepalese strains formed a monophyletic clade and that they belonged to genotype V, a cosmopolitan genotype containing American, West African and Asian strains. In the phylogenetic tree for 
Vector
Aedes aegypti has been found in most of the epidemic sites (Fig. 1) , suggesting that this mosquito species is the Fig. 4 . Phylogenetic tree of DENV-1 E NS5-3'UTR spanning region. Maximum clade credibility (MCC) tree of NS5-3'UTR spanning region, 304 bps, of 579 strains with uncorrelated relaxed clock, GTR+G+I model. 
DISCUSSION
In this paper, we reported the first isolation of dengue virus strains from patients in Nepal during the 2010 epidemic. All of the strains belong to DENV-1, and the analysis of the E-coding region of the genome provided insights in understanding the status of dengue in this country. It was during this epidemic that the affected areas expanded for the first time and included the highlands of Nepal. This phenomenon may be related to climate changes attributable to global warming. In fact, the information in this report raises concern that new areas may become susceptible to dengue outbreaks in the near future.
The eleven DENV-1 strains isolated in this study formed a monophyletic clade. This suggests that a DENV-1 population, possibly circulating in the Indian subcontinent, was introduced into the Nepali lowlands and subsequently spread to the highlands during the outbreak. Nepal shares a long open border with India, and Nepalese people visit India frequently for jobs and business opportunities. Movement of people between the two countries is facilitated by the fact that no visa is required. In the 2010 outbreak, it is likely that migrant workers infected with dengue virus in India returned to Nepal and subsequently transmitted the disease to the local community through the mosquito vector. Moreover, the DENV-1 outbreak in Nepal coincided with that in neighboring India [22] and Pakistan [23] , indicating that the DENV-1 outbreak in Nepal was initially caused by virus strains from India. However, information from India is still limited.
Goncalvez et al. [24] previously divided DENV-1 into five genotypes. From the clustering pattern on the phylogenetic tree of the E region, all the eleven Nepalese strains belong to genotype V, a cosmopolitan genotype containing American, West African and Asian strains. In particular, the Nepalese strains are close to the Asian subcluster. Patil et al. [25] and Domingo et al. [26] reported that Indian isolates form phylogenetic clusters. However, the Nepalese strains were phylogenetically separate from these Indian clusters.
By using the NS5-3'-UTR region, Nepalese strains form a subcluster with strains isolated from India in [2006] [2007] (Fig. 4) . As more data from India are obtained in the future, it will become easier to elucidate the ecology of DENV in the Trans-Himalayan countries. The increasing movement of people between Nepal and India may allow a more frequent introduction of the dengue viruses in Nepal. In addition, the population of cities in Nepal is increasing, particularly Kathmandu, a rapidly growing urban center with 4 million inhabitants at present. This city is also suffering from limited infrastructure, scarcity of water and poorly planned housing. Moreover, it reported that the average temperature of Kathmandu is continuously rising [27] , thus potentially facilitating further successful vector mosquito infestations in the highland areas of Nepal.
Nepal may be at a higher risk of DF/DHF outbreaks in future post-monsoon seasons. For this reason, the government of Nepal has recently identified dengue as an important emerging disease, and sanitation, mosquito control and health education programs are being conducted accordingly.
